
 

Solubility of carbon in liquid Al and stability of Al4C3

Citation for published version (APA):
Qiu, C., & Metselaar, R. (1994). Solubility of carbon in liquid Al and stability of Al4C3. Journal of Alloys and
Compounds, 216(1), 55-60. https://doi.org/10.1016/0925-8388(94)91042-1

DOI:
10.1016/0925-8388(94)91042-1

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/0925-8388(94)91042-1
https://doi.org/10.1016/0925-8388(94)91042-1
https://research.tue.nl/en/publications/4d52eb83-139c-4db7-9e90-cd41f08c307d


;:~ '~ Journal of 
ALLOY5 

AND C©M?©VJND5 

ELSEVIER Journal of Alloys and Compounds 216 (1994) 55-60 

Solubility of carbon in liquid A1 and stability of A14C 3 

Caian Qiu, Rudi Metselaar 
Laboratory of Solid State Chemistry and Materials Science, Eindhoven University of Technology, P. (9. Box 513 5600 MB Eindhoven, Netherland~ 

Received 25 March 1994 

Abstract  

Using thermodynamic models the properties of the Al-C liquid phase have been evaluated from experimental information 
on the carbon solubility in liquid Al. After slight modification of the description of A14C3 presented by Gluschko and Gurvitch 
[1], the solubility has been described very well from 950 to 2500 °C with a regular solution model for the liquid phase. Stability 
of A14C3 was examined through thermodynamic calculations under various conditions. It has been shown that the description 
of A14C3 can account very well for most thermochemical measurements in a wide temperature range. 
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1. Introduction 

The A1-C system is an important binary system. The 
carbide A14C3 is now known as the only intermediate 
compound in the system. Thermodynamic properties 
of the Al-C system and stability of Al4C3 are essential 
for the carbothermic reduction of alumina and for 
ceramic processing where A14C3 often exists as a common 
substance. 

In 1981 Gluschko and Gurvitch [1] assessed the 
thermodynamic properties of A14C3 based on ther- 
mochemical measurements from literature. Unfortu- 
nately, their work is not well known outside Russia. 
In a recent study on the thermodynamic analysis of 
the A1-C-Fe system, Kumar and Raghavan [2] presented 
a description of the A1-C system including the liquid 
and A14C3. Although this description gives quite rea- 
sonable agreement with experiment in some cases, it 
is still not acceptable in several aspects such as the 
carbon solubility in liquid A1 around 1000 °C and the 
heat capacity of A14C 3 because the relevant experimental 
data were not considered in their evaluation. 

The main motivation for this work is to obtain a 
reasonable thermodynamic description of liquid A14C3, 
which is necessary for later studies when applying an 
ionic-liquid model [3] to the liquid phase in the 
A14CB-A1N, AI4C3-A12O3, and AI4C3-AIN-AI2O 3 sys- 
tems. This requires reasonable descriptions of the liquid 
phase and solid A14C 3. The former can be evaluated 
from experimental information on the carbon solubility 
in liquid Al, whereas the latter is basically accepted 

from the previous work [1] but slight modifications will 
be made in the present study. The evaluation approach 
makes use of the thermodynamic models for the molar 
Gibbs energy of the liquid and A14C3 phases. Some 
parameters in the models are to be determined by using 
the THERMO-CALC program [4]. 

2. Thermodynamic models 

Two phases (i.e. liquid and A14C3) are considered 
in the present work. The liquid was treated by a 
substitutional solution model [5] in which A1 and C 
atoms were assumed to substitute for each other. The 
model yields the following expression for the molar 
Gibbs energy: 

Gliq - v  o[~,liq -i-v o[~,liq 3-g)T 
m - - ~ A I  ~ A I - - ~ C  ~ C  - - ~ a  

X (XA, In XA, +Xc In Xc) + ~G~' (1) 

Here R is the gas constant and T is temperature in 
kelvin. The variable xi (i = A1, C) is the mole fraction 
of component "i" in the liquid phase, and °G]iq is the 
Gibbs energy of the pure component in the liquid state. 
The quantity °GJiq presented in Table 1 is taken from 
previous work [6]. The last term EG~q represents the 
excess Gibbs energy and is given as follows according 
to the Redlich-Kister power series [7]: 

EG~q =XAIXc £ (k)LA,,c(XAI--Xc) k (2) 
k=0 
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T a b l e  1 

T h e r m o d y n a m i c  p a r a m e t e r s  for  the  A1-C liquid and  A14C3. Va lues  are  g iven in SI units (J, mole ,  K)  and  co r r e spond  to one  m o l e  of  f o r m u l a  

uni ts  

Liquid  

298.15 < T < 933.60 
o l i  o f e e  __  G ~ ' ] -  GAj - 11 0 0 5 . 5 5 3 - 1 1 . 8 4 0  873 T + 7 . 9 4 0 1  × 10 -20 T 7 

933.60 < T <  2900 

°G~'~ - ° G ~ =  10 481.974 - 11.252 0014 T +  1.234 264 × 102S/T 9 

298.15 < T < 6000 

°G~ q -  ° G g  ~ = 117 369 - 24.63 T 

L~'], c = - 4426 - 11.1007 T 

A 1 4 C 3  

O A 1 4 C 3  S E R  S E R  Gm --4HAl - 3 H c  = - 2 6 5  2 3 4 + 9 3 9 . 7 2 5 7  T- -148 .7345  T In T - 0 . 0 1 6  733 605 T 2 + 3 . 6 3 3  333 33 10 -1° T 3 + 1 8 6 3  682 /T  

Symbols:  

298.15 < T < 700.00 
o c c  S E R  _ _  G'f~l --HA1 -- -- 7976.15 + 137.071 542 T - -  24.367 1976 T I n  T -  0.001 884 662 T 2 -  8.776 64 × 10-7  T 3 + 74 0 9 2 /T  

700.00 < T <  933.60 
o f c c  S E R  _ _  GAI --HAl -- -- 11 276 .24+223 .026  95 T - -38 . 584  4296 T In T + 0 . 0 1 8  531 982 7 ̀2 - 5 . 7 6 4  2 2 7 ×  10 -6 T 3 + 7 4  092 /T  

933.60 < T <  2900.00 
o f c c  S E R  __  GAI - -HAl  -- -- 11 277 .683+  188.661 987 T- -31 .748  192 T In T -  1.234 2 6 4 ×  10ZS/T 9 

298.15 < T <  6000.00 

°C~ TM - ° H  sER = - 17 368.441 + 170.73 T -  24.3 T In T -  4.723 × 10-4  T 2 + 2562 6 0 0 / T -  2.643 x 108/T 2 + 1.2 X 10~°/T 3 

where the parameter (k)La~.c accounts for the interaction 
between AI and C which can vary with temperature 
according to L = a  + b T .  The constants a and b will be 
evaluated in the present work. 

The carbide A14C 3 is treated as a stoichiometric phase 
with respect to its composition, and the description of 
its molar Gibbs energy has evaluated by Gluschko and 
Gurvitch [1] as follows: 

o~AI, C3 _/4SER _ _ 265 234 + 937.1572 T 
v r n  - -  - -  

- 148.7345 T In T -  0.016 733 605 T 2 

+ 3.633 333 33 10 -1° T 3 q- 1863 682/T (3) 

where H sEg is the enthalpy of a selected state at 298.15 
K and 1 bar (105 Pa) denoted as SER (Stable Element 
Reference). This expression is basically accepted but 
a slight modification is introduced in the present work. 

3. Experimental information and parameter 
evaluation 

The solubility of carbon in liquid A1 has been mea- 
sured many times and most results [8-12] are essentially 
consistent with each other in the temperature range 
1600-2600 °C. However, experimental measurements 
at lower temperatures show a large discrepancy. It has 
been pointed out that the solubility data reported by 
Obinata and Komatsu [13] and by Dorward [14] seem 
too high by one or two orders of magnitude. Recently, 

Simensen [15] remeasured the solubility from 960 to 
1000 °C and found that it changes from 6 ppm to 12.5 
ppm accordingly, which agrees very well with the ex- 
trapolation from the data of Oden and McCune [12] 
at higher temperature. As a consequence, these data 
[15] together with all others [8-12] at higher temper- 
atures were used in the present work in order to evaluate 
the properties of the liquid phase. 

There is also disagreement on the decomposition 
temperature of A14C3 as stated by Schuster [16], but 
recent experimental work [12] shows that A14C3 de- 
composes to carbon-saturated melt and graphite at 
about 2150 °C. This is adopted in the evaluation. 
Experimental information on thermochemical data of 
A14C3 was already taken into account when evaluating 
its properties in the previous work [1] and thus will 
no longer be included in this evaluation. 

After selecting the experimental information from 
various sources as input data with a certain weight, 
evaluation was made through the THERMO-CALC pro- 
gram [4] during which the parameters in the model 
(see Eq. (2)) were optimized by minimizing the sum 
of squares of the differences between experimental and 
calculated values. Initially, it was attempted to keep 
the description of A14C3 presented by Gluschko and 
Gurvitch [1] and to evaluate the interaction parameters 
for the liquid phase. Optimization showed that it was 
necessary to apply a subregular solution model to the 
liquid phase, in which the parameter °LA1,C was eval- 
uated as a linear function of temperature whereas 1LA~,C 
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was treated as a constant. With this treatment, the 
carbon solubility in liquid A1 could be well described 
from 950 to 2500 °C except for the temperature range 
between 1700 and 2000 °C where the calculated solubility 
indicates a somewhat higher carbon content relative 
to experimental results. This is demonstrated by the 
dashed lines in Fig. 1. Much effort has been spent on 
fitting these data better, but no significant improvement 
could be reached without modifying the description of 
A14C3, so it was decided to alter the description slightly. 
Trials were carried out to examine which term in Eq. 
(3) gives the best results with the least effect on the 
thermodynamic properties of AI4C3. It was found that 
the best choice is the second term and the modification 
is from 937.1572 to 939.7257 J tool -~ K-L  Further, a 
regular solution model is now sufficient for the liquid 
phase. The final results together with other thermo- 
dynamic parameters are given in Table 1, which will 
be used to calculate the A1-C phase diagram, carbon 
solubility, and other thermodynamic properties. 

4. Results and discussion 

4.1. The AI-C phase diagram and carbon solubifity 

dashed lines were calculated by using the subregular 
solution model for the liquid (°LAI,C = 32 000 - 24.1517 T 
and ~LALc = --21 000 J tool -1) together with the de- 
scription of A14C3 in Eq. (3). In general, there is 
satisfactory agreement between the calculation (solid 
lines) and experiments. The calculated peritectic melting 
temperature 2160 °C for A14C3 is close to the exper- 
imental one reported by Oden and McCune [12]. How- 
ever, the dashed lines cannot account well for exper- 
imental results in the temperature range 1700-2000 °C 
for the reason already mentioned in Section 3. The 
description of the AI-C system presented by Kumar 
and Raghavan [2] gives similar results to the dashed 
lines except for a slightly higher peritectic temperature 
(2173 °C). 

A comparison between the experimental [15] and 
calculated solubility at lower temperatures is presented 
in Fig. 2, which shows that the carbide solubility in 
liquid AI in the temperature range 950-1000 °C is also 
described very well. According to the calculation the 
carbon solubility increases from 6.4 ppm to 11.7 ppm 
as temperature increases from 960 to 1000 °C. In 
contrast, the description given by Kumar and Raghavan 
[2] is not able to describe such behavior. It gives solubility 
lower by two orders of magnitude than the experiments. 

The calculated phase diagram of the A1-C system 
above 1600 °C is presented in Fig. 1 in comparison 
with experimental solubility data from various sources. 
In Fig. 1 the solid lines were calculated according to 
the final description presented in Table 1, whereas the 

2500 / i = N ,  / I i 24°°1 / 
2300 - liquid liquid+graphite 

~ / , , ~  ;'~ 
2 2 o o -  2 1 6 o  ° 

9 
~" 2100- '  ~ . . f ~ "  a,, 

cd 

2000-  liquid+AI4C 3 

E ~"o o o '/" Exper~ental S 1900 - lubdlty ~: 

1800 - ,~,~"' NBaure ta l .  (1934) 
_ / /  * Stroup (1964) 
~,,'; ~ Ginsbeig et al. (1965) 

1700-  ,~  o Gjerstad (1968) 
// [] Oden et aL (1987) 

1600 I~ , . , , 
AI 0.1 0.2 0.3 0.4 0.5 

Mole-Fract ion Carbon 

Fig. 1. Calculated phase diagram of the A1-C system in comparison 
with experimental solubility data from various sources. Solid lines 
were calculated from the description presented in Table 1, whereas 
dashed lines were calculated by using a subregular solution model 
to the liquid phase (°LALc = 32 000-- 24.1517 T and ILA],C = -- 21 000 
J mol - I )  together with the description of A14C3 in Eq. (3). 

4.2. Stability of Al4C3 

As already mentioned in Section 3, thermochemical 
measurements for A14C3 were considered in the previous 
work [1] when assessing its thermodynamic description. 
It is now interesting to examine its properties and 
compare them with experiments through thermodynamic 
calculation after a small modification of that description. 

60 I I I I I 

m Simensen (1989) 
55-  

50-  [] m / / / /  
E / Q,. 

45-  

< 40-  "5 
E 
0 [ ]  
"= 35-  = / /  [] 
E o 
o c 30-  [] 
0 
(..) 

25 -  

20 I I 

950 960 970 980 980 10b0 1010 
Temperature (°C) 

Fig. 2. Comparison between calculated and experimental carbide 
solubility in liquid AI. 
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Fig. 1 shows that AIaC 3 melts following the peritectic 
reaction ml4c 3 ~ liquid +graphite at 2•60 °C with the 
decomposition enthalpy 341.531 kJ mol-1 and entropy 
140.371 J mo1-1 K -1. The former is about 2.5 times 
the value reported by Oden and Beyer [17]. In contrast, 
the heat content calculated for AI4C 3 agrees very well 
with experimental results [18] at temperatures up to 
1500 °C, as will be seen later. Therefore, the difference 
in the decomposition enthalpy should not be taken as 
evidence for suspecting the present description of AIaC3 
unless more independent experiments become available. 
From this description one can also calculate the con- 
gruent melting temperature of mlaC 3 by applying the 
condition --~mTgT~iq- °~rAhC3~m ----_0 in which the liquid has the 
same composition as A14C3. This calculation gives the 
temperature 2339 °C with melting enthalpy 587.717 kJ 
mol-  1 and entropy 224.984 J mol- 1 K-  1. Such quantities 
could be used to describe the stability of liquid A14C3 
if neglecting the difference of heat capacity between 
liquid A14C3 and solid A14C3. This strategy has been 
applied to liquid A1N [19] and liquid Si3N4 [20]. 

The heat capacity of AI4C3 is calculated as function 
of temperature in Fig. 3, which shows excellent agree- 
ment with the experimental results by Furukawa et al. 
[21]. However, it should be noticed that the present 
description cannot yield correct heat capacity values 
at temperatures below 250 K, which are beyond the 
range of the description. Instead, the Debye model can 
be applied in this range. 

After reviewing the experimental results on the en- 
thalpy of formation of A14C3, Rinehart and Behrens 
[22] pointed out that the enthalpy data derived from 
vapor pressure measurements are in no better agreement 
with the calorimetric values and the reason remains 

220 K I I I 
Furukawa et a1.(1965) 

• ', run 11 
2 0 0 -  re run12  

z run 13 
0 run 14 

o 180 -  

O~ 1 6 0 -  J 1 4 0  I l I I 
/ 

"5 140-  1 3 0  

¢~ 
O 

120  ,20- . . -  
t 

110 , , , 
280 300 320 340 360 380 

100 
300 6~0 9~0 ' ' 1800 1200 150o 

Temperature (K) 
Fig. 3. Calculated heat capacity (Cp) of A14C3 compared with ex- 
perimental measurements. 

unknown. The present calculation gives -206.900 kJ 
mo1-1 for the enthalpy of formation of mlnC 3 at 298.15 
K, which is very close to the calorimetric measurements 
reported by King and Armstrong [23] and confirmed 
by Blachnik et al. [24]. The heat content calculated 
for ml4C 3 at various temperatures is shown in Fig. 4, 
which is in accord with experimental data by Furukawa 
et al. [21] and by Binford et al. [18] over a wide 
temperature range. 

The calculated standard Gibbs energy of formation 
of AlaC 3 at 298.15 K is -194.403 kJ mo1-1. Its tem- 
perature dependence is shown in Fig. 5 according to 
the calculation following the reaction 4Al(liq)+ 
3C(gra)=A14C3. The calculated value at 1873 K is 
- 72.919 kJ mol- 1 which is less negative than the value 
- 8 8 . 8  kJ mo1-1 derived from A1 activity measured in 
the Fe-AI melt at the same temperature by Choudary 
and Belton [25]. This can be considered as reasonable 
if taking into account the experimental uncertainty. 

Finally, the decomposition pressure of A14C3 cal- 
culated according to the equilibrium AlnC 3= 
4Al(g) + 3C(gra) is plotted as a function of temperature 
in Fig. 6 in comparison with experimental data [22,26]. 
In the calculation the gaseous phase was treated as 
the ideal gas including the species All, AI2, C1, C2, C3, 
C4, C5, A1C, A1C2, and A12C2, and their descriptions 
were taken from the SGTE (Scientific Group Ther- 
modata Europe) substance database [27] which is based 
on JANAF tables [28]. Fig. 6 shows that the calculated 
AI vapor pressures at higher temperatures are in good 
agreement with the experimental data by Plante and 
Schreyer [26], but at lower temperatures the calculation 
falls consistently below the measurements by Rinehart 
and Behrens [22]. Thermodynamic calculations indicates 

280 I I I I / 
Furukawa et a1.(1965) . ~  

O •°HT-A°H273.15 / I  
240 i 

. . 7 - 1  
Binford et a1.(1967) . / ' ~  I 

~"6 ~ 120160-- ~ O H T . A ~ A  

"E o o 80- ~ A°HT'A°H298'15 

-I- 4 0 -  

0 
300 6(30 9(30 ' ' 1800 1200 1500 

Tempera tu re  (K) 

Fig. 4. Heat content (A°H) of A14C3 calculated as a function of 
temperature in comparison with experimental data. 
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Fig. 5. Temperature dependence of the Gibbs energy (A°G) of 
formation of A14C3 according to the present calculation following 
the reaction 4Al(liq) +3C(gra)=Al4C3. 

5. Summary and conclusions 

Using thermodynamic models the properties of the 
A1-C liquid phase have been evaluated based on ex- 
perimental information on the carbon solubility in liquid 
A1. After slight modification of the description of A14C3 
presented by Gluschko and Gurvitch [1], the solubility 
has been described very well from 950 to 2500 °C with 
a regular solution model for the liquid phase, which 
is not the case in the previous work [2]. 

Stability of A14C3 has been examined through ther- 
modynamic calculations under various conditions. It 
has been shown that the description of A14C3 can 
account very well for most thermochemical measure- 
ments over a wide temperature range. Nevertheless, 
the vapor pressures for A14C3 decomposition measured 
by Rinehart and Behrens [22] at lower temperatures, 
which suggest a smaller value of enthalpy of formation 
of A14C3 at 298.15 K, could not be reproduced by the 
calculation since they are not consistent with other 
thermochemical measurements. 

-3 .0  

-3 .5  - 

-4 .0  - 

- 4 . 5  - 

-5 .0  - 

- 5 . 5 -  
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_.1 
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10000/T(K) 

Fig. 6. Calculated decomposition pressure of AI4C 3 as a function of 
temperature according to the equilibrium A14C3 = 4Al(gas)+ 3C(gra), 
in comparison with experimental results. 

that the vapor pressure data from Rinehart and Behrens 
correspond to an enthalpy value of around - 1 8 0  kJ 
mol-1 for the formation of A14C3 at 298.15 K, as derived 
by themselves. It appears that their results are neither 
consistent with the similar measurements [26] at higher 
temperatures nor with the calorimetric measurements 
[23,24]. 
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